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Abstract 
Phosphorus is an essential element for all known life, and the global phosphorous cycle is widely 
believed to be a key factor limiting the extent of Earth’s biosphere. The size and scope of any 
biosphere beyond our solar system is similarly likely to be limited by the planetary cycling of 
bioavailable phosphorus. Continental weathering has long been considered to be the only source 
of bioavailable phosphorus to the oceans, with submarine hydrothermal processes acting as a 
phosphorus sink [1]. This opens up the possibility of severe phosphorus limitation on the early 
Earth prior to the widespread emergence of continental crust above sea level, and further implies 
that a common class of volatile-rich habitable exoplanet—so called ‘waterworlds’ [2] — may be 
biological deserts. However, this framework is based on the behavior of phosphorus in modern 
hydrothermal systems interacting with pervasively oxygenated deep oceans. Here, we present new 
experimental results indicating that abiotic carbon dioxide sequestration during anoxic basalt 
alteration is an efficient source of bioavailable phosphorus. Placing these observations into the 
context of a simple model of planetary phosphorus-carbon-oxygen mass balance, we suggest that 
volatile-rich Earth-like planets lacking exposed continents may actually be more likely than Earth 
to develop robust biospheres that can lead to remotely detectable atmospheric biosignatures [3].  
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1. Introduction 
Phosphorus (P) is a critical component of the genetic and energetic machinery of all life and plays 
key structural roles in most organisms. Recent debate has bolstered the case that P is not only 
essential for life on Earth but is also likely central for recognizable biochemistry more broadly [4, 
5]. Recent biogeochemical modeling and reconstructions of the evolution of marine phosphate 
(PO43-) concentrations from Earth’s rock record have bolstered the case that P has been the ultimate 
limiting nutrient throughout Earth’s history [6-8]. It has also been argued that P would be expected 
to limit the extent of life on exoplanets where oxygenic photosynthesis has evolved [9]. Therefore, 
a mechanistic understanding of how the global P cycle has changed through time is crucial both 
for a basic understanding of the history of life on our planet and in the development of predictive 
frameworks for the production and maintenance of exoplanet biosignatures.  
 
Continental weathering, an important long-term CO2 sink regulating planetary climate, is also the 
only significant source of P to the modern oceans [10]. Submarine weathering of basaltic oceanic 
crust, while also serving as a long term CO2 sink, currently acts a significant removal process of P 
from marine systems [11]. For example, roughly 20% of the P sourced to the oceans today is 
removed through basalt alteration [10, 12]. The remainder is removed in association with the burial 
of authigenic apatite, organic P, and iron oxides in marine sediments. Marine PO43- concentrations 
are controlled through time by the interplay between the efficiency of P burial and the magnitude 
of the P source(s). It has been proposed that anoxic and iron-rich (ferruginous) oceans, which were 
widespread on the early Earth [13, 14], lead to enhanced P scavenging through adsorption onto 
iron oxide minerals formed near the oxygenated ocean-atmosphere interface and through the 
precipitation of reduced iron-phosphate minerals directly from seawater [7, 9, 15].  
 4 
 
Phosphorus removal during basalt alteration may have also been enhanced in Earth’s past, given 
that it is likely that oceanic crust weathering played a more significant role in weathering and CO2 
sequestration prior to the emergence of continents above sea level and the proliferation of land 
plants in terrestrial ecosystems [16, 17]. However, previous work has neglected the possibility that 
dissolved P may become liberated into seawater during marine weathering of oceanic crust in the 
absence of dissolved O2—as a natural result of limited Fe2+ oxidation and subsequent P 
scavenging. Although mid-ocean ridge basalts (MORB) typically do not contain igneous apatite, 
P5+ substitutes for Si4+ in primary silicate minerals [18, 19], and this P may be released during 
submarine basalt alteration. If operative, this process would reshape our view of the evolution of 
the P cycle on Earth [9, 16] and would become an important component of attempts to predict 
planetary P cycling on habitable exoplanets. Here, we provide direct experimental support for the 
idea that basalt weathering under anoxic marine conditions can be a significant source of 
bioavailable P to aqueous systems.   
 
2. Methods 
2.1 Experimental Design 
The experiments utilized an enriched dissolved 29SiO2 tracer to directly and accurately correlate 
the extent of primary silicate mineral dissolution with the amount of PO43- mobilized into seawater 
upon reaction with natural submarine basalt under anoxic conditions. Two sets of experiments are 
presented, one utilizing fresh submarine basalt and one in which the fresh submarine basalt was 
treated with a reductive dissolution procedure designed to remove pre-existing Fe3+-oxides 
associated with partial oxidation during recovery from the seafloor [20]. Mineral characterization 
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of the reactant basalt is combined with time-series changes in dissolved PO43- and 29SiO2 to allow 
determination of the efficacy of basalt weathering as a source of critical nutrients under the anoxic 
conditions characteristic of the early Earth and reducing exoplanet waterworlds.  The reduced 
dissolved P3+ species [21] is not considered in this study since the prescribed conditions of the 
experiments dictate that P5+ species, specifically PO43-, are thermodynamically stable and that P 
derived from the dissolution of primary silicate minerals of the reactant basalt exists as P5+ [18].  
Oxygenated basalt weathering experiments were also conducted in order to demonstrate the 
removal and retention of dissolved PO43- as a consequence of the formation of Fe3+-oxide minerals 
upon reaction, providing a comparative analysis of PO43- mobility with the anoxic experiments. 
 
Two sets of long term basalt-seawater alteration experiments were conducted for over 2000 hours 
to better quantify the mobility of dissolved inorganic PO43- under a range of dissolved O2 
concentrations: (1) anoxic experiments, BA-1 and BA-2, where it is expected that PO43- adsorption 
will be limited due to the lack of Fe3+-oxide mineral formation, all of which were conducted at 
25°C (Table 1); and (2) oxygenated experiments, BA-3, BA-4, and BA-5 (Table A1), with 
concentrations of O2 at present atmospheric level, in which we demonstrate the process of PO43- 
adsorption onto Fe3+-oxides associated with oxidative alteration of basalt [1, 22]. Experiments BA-
3, BA-4, and BA-5 were conducted at 75, 50, and 15°C, respectively.  All of the experiments were 
conducted at temperatures elevated with respect to bottom seawater but within the range of 
temperatures associated with carbonate precipitation in subseafloor upon chemical weathering of 
the oceanic crust [11, 23]. 
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2.2 Anoxic Basalt Alteration Experiments 
The anoxic experiments were prepared, initiated, and maintained under anoxic conditions inside a 
COY™ anaerobic chamber with an atmosphere composed of 5% H2:95% N2.  Each anoxic basalt 
alteration experiment was conducted in a gas-tight 250 mL Pyrex reactor with two gas-tight 
sampling ports, allowing for direct time-series sampling of the reactor solution without termination 
of the experiment and for keeping the reaction system closed to external environmental changes.  
Additionally, each reactor was wrapped in aluminum foil to shield from UV radiation, effectively 
preventing photo-oxidation of dissolved Fe2+ liberated from the dissolution of reactant basalt.  
Commencement of each experiment began by combination of the reactant basalt with the synthetic 
seawater and immersion into a temperature-regulated circulating oil bath set at 25 ± 0.1 ˚C.  
Solution samples were taken with time to assess the change in the composition of reactant seawater 
solution over the course of approximately 1500 hours.  A typical sampling mass of solution for 
each sampling session can range between 4 - 8 grams.  The first sample, through the sampling line 
of the reactor, is used as a “bleed” to effectively wash out the sampling tube with experimental 
solution.  The second sample is taken for cations/anions and pH analysis.  A third sample may be 
taken for additional sample solution for additional analysis.  In exchange with experimental 
solution taken from the reactor, an equivalent volume of 5% H2:95% N2 atmosphere enters the 
experimental reactor.  After the sampling session, both the intake and extraction valves are closed 
to keep the experimental system closed to any external changes in the COY™ chamber throughout 
reaction progress.  The cation samples were diluted with trace metal grade 0.1N HCl to prevent 
metal precipitation effects while the anion samples were diluted accordingly with ultra-pure H2O 
(18.2 MΩ). 
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The reactant solution for each anoxic experiment, BA-1 and BA-2, was prepared with de-
oxygenated ultrapure H2O and designed to have concentrations of dissolved components to 
simulate seawater, but with elevated concentrations of dissolved 29Si-enriched SiO2, 500 mmol/kg 
NaCl – 40 mmol/kg MgCl2 – 16 CaCl2 mmol/kg – 500 µmol/kg 29SiO2 (Table 1 and A1).  The pH 
was buffered at 6.5 with the MOPS (3-(N-morpholino) propanesulfonic acid) buffer to effectively 
preclude changes in pH as a consequence of basalt dissolution and acidity produced from 
secondary mineral formation.  The reactant basalt was recovered from near the axis of the Juan de 
Fuca Ridge and was separated from the basalt glass and the crystalline fraction, where the 
crystalline fraction was powdered to achieve maximum reactive surface area to enhance reaction 
progress, sieved to achieve a distribution between 5-50 µm in grain size.  A fraction of the 
crystalline powdered basalt reactant was treated with a citrate-bicarbonate-dithionite (CBD) 
reductive dissolution step prior to commencement of the experiments [20].  The CBD method 
specifically removes pre-existing Fe3+-oxides from the natural reactant basalt, which may have a 
significant effect on the mobility of PO43- liberated from basalt upon alteration under anoxic 
conditions (Table A1).  The CBD method does not react with and or dissolve the primary reactant 
basalt silicate minerals [20]. Thus, the primary P5+, which resides as a trace element within the 
primary silicate minerals will remain unreactive (as lattice-bound P5+ within silicates [18]) upon 
CBD treatment of the reactant basalt.  Further, if any of the P5+ associated with the secondary Fe3+-
oxide minerals were to become reduced to P3+ [21], the highly soluble P3+ would have dissolved 
within the CBD leachate solution.  Once the CBD procedure is terminated, the CBD treated basalt 
minerals are immediately filtered, cleaned by washing with copious amounts of ultrapure H2O, 
and then dried under an anoxic N2 atmosphere, with the result that any liberated P3+ would not be 
measured by our procedure as being liberated during primary basalt dissolution. 
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The two experiments, basalt with and without the CBD treatment, BA-1 and BA-2, respectively, 
were designed to have an elevated water/rock ratio (W/R~65; approximately 250 g of solution + 
3.8 g of basalt), where the mass balance of SiO2 in the experimental system is dominated by 
reactant basalt (XSiO2(Basalt)1~1).  Specifically, the enriched 29SiO2 spike (500 µmol/kg, 
29Si/28Si~100) introduced with the anoxic synthetic seawater was utilized to quantify the degree of 
silicate dissolution within basalt with reaction progress.  The change in the abundance of 29Si 
relative to 28Si between the dissolved and solid reservoirs (seawater + basalt) is monitored with 
time, where it is expected that the 29Si/28Si ratio of the solution will decrease with increasing 
degrees of basaltic silicate dissolution, ultimately approaching the natural 29Si/28Si ratio (~0.05) 
due to mass balance constraints in the experimental system.  This approach is advantageous since 
the change in the 29Si/28Si ratio in the solution is not affected by secondary mineral formation 
effects in contrast to observed changes in the total concentration of dissolved SiO2 [24, 25].  
 
2.3 Oxygenated Basalt Alteration Experiments 
Three oxygenated experiments, BA-3, BA-4, and BA-5 were conducted by reacting ground 
crystalline basalt (~20-250 µm grain size) with a synthetic seawater solution that is enriched in 
dissolved PO43- (25.4 µmol/kg) relative to natural bottom seawater (~2 µmol/kg) to illustrate the 
effect of adsorption onto pre-existing and incipiently formed Fe3+-oxide surfaces upon alteration 
of the reactant basalt (Table A1).  For each experiment, eight identical 30 mL Teflon reactors were 
designed to have identical water/rock ratios (W/R~10: 10 g of seawater solution: 1 g of basalt 
                                                
1	XSiO2(Basalt) = mSiO2(Basalt)/(mSiO2(Basalt) + mSiO2(Dissolved)), where m designates total moles of SiO2 
for each respective phase, basalt and seawater.	
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reactant) and all have a headspace (approximately 20 mL) composed of modern atmosphere. The 
oxygenated reactant seawater was prepared to have a solution chemistry which closely resembles 
the composition of modern seawater, 500 mmol/kg NaCl – 50 mmol/kg MgCl2 – 10 CaCl2 
mmol/kg – 50-100 µmol/kg SiO2.  These particular experiments did not implement the 29SiO2 
enriched tracer in the experimental solution but rather used natural abundance reagent-grade SiO2.  
In addition, these particular experiments did not use a pH buffer but rather allowed the pH to 
change as a consequence of mineral dissolution and secondary mineral formation.  Each reactor 
was maintained at 75, 50, and 15 ± 0.1 ˚ C, BA-3, BA-4, and BA-5, respectively, in a shaking water 
bath, to maintain the experiment at a constant temperature throughout the course of basalt 
alteration.  Over the course of approximately >4000 hours, individual reactors were terminated 
sequentially with reaction progress to determine the change in composition of the reactant seawater 
and to monitor changes in mineral speciation and element distribution of the altered basalt relative 
to the reactant material (see SI for further details of the oxygenated experiments, BA-3 – 5).   
   
2.4 Analytical Measurements 
The time-series solution samples taken from each experiment, anoxic and oxygenated, were 
measured for pH immediately after sampling by use of a Thermo Scientific™ Orion™ 
PerpHecT™ ROSS™ Combination pH Micro Electrode, which was calibrated with the pH buffers, 
4, 7, 10 before each analysis (Table 1 and A1).  The error associated with the pH measurement is 
within ±0.02 log units (2σ).  The concentration of the dissolved components of interest and the 
29Si/28Si ratio were determined by use of a Thermo Scientific™ ElementTM XR inductively coupled 
plasma mass spectrometer (ICP-MS).  Due to the extreme 29Si/28Si ratio of the experimental 
solution samples (>10) relative to natural material (~0.05), the small effects of isotope 
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fractionation, which may occur upon basalt alteration and during analysis by ICP-MS, can be 
neglected [24, 26].  In addition, the large enrichment of dissolved 29Si in solution allows 
measurement by ICP-MS to be of sufficient resolution to monitor statistically significant changes 
in the solution 29Si/28Si ratio (2.6-3% RSD, 1σ) upon reaction with the natural reactant basalt.  The 
relative standard deviation (2σ) of the ICP-MS measurements ranges between 6-10% for P, 1-5% 
for Fe and Mn, 1-3% for 28Si, 29Si, and 30Si, and 1-2 % for the major cations, Ca2+ and Mg2+.  
 
2.5 Geochemical Modeling 
The Geochemist’s Workbench v. 12.0.4 [27] outfitted with a custom database produced using the 
DBCreate software package [28] was used to calculate the speciation of the time-series solution 
samples, the vivianite saturation state (Table A1), and produce the activity diagram plotted in Fig. 
A2.  Thermodynamic data for the speciation of P in solution was taken from Shock, Sassani, Willis 
and Sverjensky [29], and the solubility of vivianite (Fe3(PO4)2·8H2O) was calculated according to 
the equation given by Al-Borno and Tomson [30].  
 
2.6 29Si/28Si Mass Transfer Systematics 
The enriched dissolved 29SiO2 tracer approach was utilized in this study since the change in 
29Si/28Si ratio of the reactant seawater is a reflection only of the dissolution of reactant basalt and 
not by secondary mineral formation processes [24].  The initially elevated dissolved SiO2 
concentration of the anoxic experiments, BA-1 and BA-2, was designed to prevent rapid mineral 
dissolution artifacts during reaction initiation, while the observed changes in the dissolved SiO2 
concentration over time is a result of secondary mineral formation. Indeed, the latter is precisely 
why we monitor the 29Si/28Si ratio of the solution rather than solely the dissolved SiO2 
 11 
concentrations, because the 29Si/28Si tracer is not affected by secondary mineral formation while 
the dissolved net SiO2 mass balance is reflective of dissolution and precipitation effects (see SI 
section 1.2). Through conservative mixing relationships and by implementation of time-series 
changes in the concentration of dissolved SiO2 and the associated 29Si/28Si ratio compared with the 
statistically constant composition of reactant basalt, the total amount of basaltic silicate dissolution 
can be quantified [31].  
 
2.7 Mineral Chemistry 
The speciation and distribution of Fe in the reactant natural basalt was examined by electron 
microprobe (EMPA) with wavelength dispersive X-ray spectroscopy (WDS), coupled with 
synchrotron X-ray fluorescence mapping (SXRF) and Fe K-edge (7.112 keV) X-ray absorption 
near edge spectroscopy (XANES) imaging.  All of the crystalline basalt samples were measured 
in the form of polished thin sections mounted on trace-element free silica glass at the XFM 
beamline at the Australian Synchrotron (AS), Melbourne, Australia.   
 
The AS is a 3 GeV ring and was operated in top-up mode with a maximum current of 200 mA.  
The XFM beamline has a 1.9 T wiggler source and a Si(111) monochromator with an energy 
resolution (∆E/E) of 1.5 x 10-4 at 10 keV.  Kirkpatrick-Baez mirrors were used to focus the beam 
to a spot size of ~2 x 2 µm2, and each sample was measured at high resolution, oversampling with 
1 µm step-size.  Data were acquired in backscatter-fluorescence mode using the 386-elements Maia 
fluorescence detector [32].  XANES images were constructed by collecting maps at 94 
monochromator energy points across the Fe K-edge [33]. Fe K-edge XANES data were also 
collected on a number of natural and synthetic Fe-bearing minerals, glauconite, celadonite, 
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ferrihydrite, and goethite, which were used to qualitatively constrain the interpretation of 
differences in Fe oxidation state and secondary mineral speciation. 
 
The SXRF data and XANES images were analysed with GeoPIXE, using the dynamic analysis 
(DA) method to project quantitative elemental images from the full fluorescence spectra [34].  In 
GeoPIXE, XANES spectra can be extracted from regions selected by the user, or based on the 
ratios of specific energies in the XANES spectra. Selected XANES spectra were further analyzed 
using Athena, which is part of the HORAE package, by background fitting and calibration of the 
Fe K-edge energy [35]. 
 
3. Results 
3.1 Mineral chemistry 
Characterization of the reactant crystalline basalt, recovered from the axis of the Juan de Fuca 
Ridge, by EMPA analysis demonstrates that PO43- is present in primary silicates and secondary 
minerals at trace levels, between 0.01-0.4 wt. % as P2O5, and EMPA maps indicate that P is also 
concentrated within secondary minerals along the reaction rims around primary silicates.  EMPA 
imaging and X-ray fluorescence maps coupled with Fe X-ray absorption spectroscopy 
measurements demonstrate that the reaction rims of the primary silicates are composed of 
secondary Fe3+-oxide minerals that are intermixed with clay minerals (Fig. 1 and 2). The CBD 
reductive dissolution treatment, specifically designed to remove pre-existing Fe3+-oxides 
associated with the partial oxidation of the reactant basalt at the seafloor, indicates that PO43- and 
other components highly associated with Fe3+-oxides, such as  Mn, V, and Ni, are concentrated in 
the leachate, [1, 36-38] (Table A2). Dissolved Al3+ is also concentrated in the leachate, suggesting 
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that the dissolution of Fe3+-bearing clays also occurred upon the CBD leach of the reactant basalt. 
The combination of these results suggests that the observed differences in the mobility of dissolved 
PO43- with reaction progress between the anoxic experiments, BA-1 and BA-2, is likely attributable 
to the presence of pre-existing Fe3+-oxide minerals associated with the reactant basalt.  To 
circumvent this effect on dissolved PO43- mobility, the anoxic experiment BA-1 used reactant 
basalt that had pre-existing secondary Fe3+-oxide minerals removed by the CBD reductive 
dissolution treatment prior to commencement of the experiment.   
 
3.2 Time-series changes in solution chemistry 
The oxidation state of the experimental system determines the fate of Fe, either dissolved in 
solution as an Fe2+-species or as an Fe3+-oxide mineral, and is critical with respect to the mobility 
and bioavailability of PO43- liberated from primary silicates upon partial dissolution. In the 
oxygenated basalt weathering experiments, BA-3, BA-4, and BA-5, the mobility of dissolved Fe2+ 
and PO43- is limited (Table A1 and Fig. A1), where dissolved Fe2+, ultimately derived from the 
dissolution of primary silicate minerals, remained below the detection limit while the initially 
elevated concentration of dissolved PO43- decreased with reaction progress as a consequence of 
adsorption onto pre-existing and incipiently formed Fe3+-oxide minerals.  Interestingly, the 
quantitative removal of dissolved PO43- is not complete as a consequence of the surface sites of 
the Fe3+-oxide minerals becoming increasingly saturated with respect to other competing adsorbed 
dissolved species, such as SiO2 [39, 40].  Further description of the changes in major element 
solution chemistry for the oxygenated and anoxic experiments is provided in the SI. 
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The most significant difference between the anoxic and oxygenated experiments is the increase in 
concentration of dissolved Fe2+ and PO43- into the synthetic anoxic seawater (Fig. 3a), in stark 
contrast to the oxygenated experiments, where the mobility of dissolved Fe2+ is limited due to 
quantitative oxidation as Fe3+-oxide minerals and the effective removal of dissolved PO43- by 
adsorption (Fig. A1).  Comparison between the separate anoxic experiments, BA-1 (w/ CBD) and 
BA-2 (w/o CBD), suggests that pre-existing Fe3+-oxide minerals, formed from partial alteration of 
primary basalt minerals by seawater, have retained a fraction of adsorbed PO43- prior to the 
experiment (Table 1 and Fig. 3a).  Further, PO43- and the trace redox-sensitive metals, V and Mn, 
are all highly concentrated in the CBD leachate, consistent with the high affinity of these elements 
for adsorption and incorporation within Fe3+-oxide minerals, respectively [1, 36, 37] (Table A2).  
These observation may help elucidate the observed differences in dissolved PO43- and Fe2+ 
mobility between BA-1 and BA-2, as shown by the enhanced release of these components into 
solution upon commencement of the reaction for experiment BA-2 [38].  
 
The change in the 29Si/28Si ratio for experiments BA-1 and BA-2 are consistent with each other, 
where both decrease from approximately 100 to values between 11 and 14 due to the dissolution 
of reactant basalt and mixing of isotopically natural SiO2 into the enriched 29SiO2-bearing synthetic 
seawater solution (Table 1 and Fig. 3b). The consistency between the experiments lends 
confidence, despite the dynamic changes in the bulk concentration of the dissolved components, 
Mg2+, Ca2+, and SiO2(aq) with reaction progress, that the change in the 29Si/28Si ratio is reflective 
only of primary mineral dissolution (Table A1).  Interestingly, both experiments asymptotically 
approach an elevated value, 11-13, relative to what is predicted by SiO2 mass balance constraints 
of the system, where it is expected for the 29Si/28Si in solution to ultimately approach the natural 
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abundance 29Si/28Si ratio of ~0.05.  This limited mixing of SiO2 derived from basalt into the 
synthetic seawater is likely due to the formation of a passivating layer of secondary minerals on 
the primary minerals in the basalt, effectively hindering continued reaction.   
 
The differences in the observed dissolved PO43- and Fe2+ time-series concentration data, for BA-1 
and BA-2, relative to the calculated total amount of PO43- liberated upon dissolution of primary 
basalt, by utilization of the time-series 29Si/28Si mass balance calculations, is shown in Fig. 4 and 
in Table 1.  Importantly, experiment BA-1, demonstrates a 1:1 linear relationship with the 
calculated amount of total PO43- liberated from basalt into solution with respect to the observed 
changes in ΣPO43- with reaction progress.  These time-series data, together with thermodynamic 
constraints, demonstrate that Fe-P phosphorous minerals, such as vivianite, do not reach a critical 
saturation state required for nucleation and dissolved PO43- concentrations are not limited by 
adsorption partitioning onto clays upon primary silicate mineral dissolution.  Experiment BA-2, 
however, which did not utilize the reductive dissolution pre-treatment, demonstrates significant 
scatter of PO43- time-series data relative to what is expected for PO43- released from 29Si/28Si mass 
balance calculations, indicating an additional source of PO43- to the experimental solution from the 
basalt reactant, likely attributed to chemical exchange of the reactant solution with the adsorbed 
species associated with pre-existing alteration product. 
 
4. Discussion 
4.1 PO43- Mobility upon Primary Silicate Dissolution   
Both anoxic basalt weathering experiments demonstrated significant mobility of both dissolved 
Fe2+ and PO43- with continued reaction progress (Table 1 and Fig. 3a).  The dissolved 29Si/28Si 
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ratio systematically decreased with reaction progress in both experiments, indicating release of 
PO43- to seawater upon partial dissolution of primary silicate minerals within the basalt substrate 
(Fig. 3b). These results are in stark contrast to the oxygenated basalt weathering experiments, in 
which dissolved Fe, derived from primary silicate minerals, remained below the detection limit 
while P was either removed from solution (despite high initial dissolved P levels) or remained at 
steady state levels throughout reaction progress as a consequence of adsorption onto pre-existing 
and incipiently formed Fe3+-oxide minerals (Table A1 and Fig. A1). This suggests an important 
dichotomy between oxygenated and anoxic deep oceans in the mobilization of P to bioavailable 
forms during submarine basalt weathering.  
 
The experimental data can be used to evaluate the potential of submarine basalt weathering under 
anoxic conditions to serve as a source of bioavailable PO43- to the deep ocean by using the time-
series 29Si/28Si data to quantify the total amount of atmospheric CO2 that would be consumed upon 
dissolution of primary silicate minerals in basalt. We assume a SiO2/Alkalinity ratio (Si/Alk) 
indicative of the composition of tholeiitic basalt, represented here for simplicity as enstatite (e.g., 
with Si/Alk = 1.0): 
 MgSiO& + CO) 	→ MgCO& + SiO) aq    (1)  
By combining the time-series changes in 29Si/28Si with the total dissolved SiO2 of the experimental 
solution, we can use mass balance to quantify the total CO2 consumed throughout the reaction 
progress (ΣCO2).  Specifically, For both anoxic experiments, BA-1 and BA-2, the time-series 
changes in the dissolved concentration of SiO2 and 29Si/28Si ratio are coupled with the SiO2 
concentration and isotopic composition of basalt through conservative mixing relationships to 
calculate the amount of released SiO2 into solution from basalt upon dissolution [31].  The total 
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CO2 consumed is determined through stoichiometric relations in Reaction 1 and the calculated 
total SiO2 released upon basalt dissolution (Table 1).  The ΣPO43-/ΣCO2 mobility ratio is 
determined by the slope of the linear regression of the Σ[CO2] and Σ[PO43-] model data (e.g. Fig. 
5), which yields the total bioavailable P released per mol of CO2 consumed during anoxic 
submarine basalt weathering.  
 
The experiment including the CBD reductive dissolution pre-treatment provides the most precise 
estimate of the ΣPO43-/ΣCO2 ratio during submarine basalt weathering under anoxic conditions, 
yielding a ΣPO43-/ΣCO2 value of 2.17 ± 0.51 µmol mmol-1 (Fig. 5b). Importantly, our experimental 
results indicate that the ΣPO43-/ΣCO2 value characteristic of submarine basalt weathering under 
anoxic conditions is similar to that estimated for modern weathering of the continental crust (Fig. 
6). This suggests that submarine basalt weathering under anoxic conditions should in many cases 
be roughly similar in its effectiveness at exporting bioavailable P during CO2 consumption as the 
weathering of continental crust above sea level. 
 
4.2 P-CO2-O2 Mass Balance Calculations 
 To gain insight into the large-scale implications of our experimental results, we use our derived 
ΣPO43-/ΣCO2 value as an input parameter for a global PO43--CO2-O2 steady state mass balance 
model for a water-rich silicate planet on which basalt alteration is the primary CO2 sink; such that 
the long-term carbon cycles are buffered entirely by weathering of the oceanic lithosphere [41, 
42]. We envision this scenario as being applicable to portions of Earth’s early history and to Earth-
like volatile-rich exoplanet ‘waterworlds’ on which oxygenic photosynthesis has evolved. 
Conceptually, PO43- is released to the ocean as volcanic/metamorphic CO2 is consumed during 
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submarine basalt weathering, and some fraction of this bioavailable P passes through the biosphere 
while the remainder is scavenged (Fig. 7). This in turn leads to organic C burial and a release of 
O2 to the ocean-atmosphere system. We explore a wide range of CO2 outgassing rates, relative P 
mobilities, burial (sedimentary) P to organic C ratios, and P scavenging efficiencies in order to 
compute net O2 production by the biosphere (Table 2). Because the values of many of these 
parameters are uncertain, we use a stochastic approach in order to compute a statistical distribution 
for possible global biospheric O2 fluxes.  
 
The parameters of the model are: (1) the volcanic CO2 outgassing rate (Jvolc), which at steady state 
must be balanced by CO2 removal through either submarine weathering (fractionally expressed 
through fweath) or photosynthetic uptake (1-fweath); (2) the mobility ratio derived from our 
experiments (ΣPO4/ΣCO2), which describes the molar ratio between CO2 consumed and PO43- 
released during submarine weathering; (3) the scavenging efficiency of bioavailable PO43- in the 
ocean interior (εP); and (4) the global net C/P (‘Redfield’) ratio for material buried from the oceans 
(rCP; in effect corresponding to a ratio between P buried and O2 released to the ocean-atmosphere 
system) (Table 2). The net biospheric O2 flux for any given combination of parameters (in Tmol 
O2 y-1) is thus given by: 
 JO2 = Jvolc ⋅ fweath ⋅ ΣPO4 / ΣCO2⎡⎣ ⎤⎦ ⋅ 1− ε P( ) ⋅rCP   (2) 
The general sensitivity of biospheric O2 flux in our model to individual control parameters is 
shown in Fig. A3. In our stochastic analysis, we vary the model parameters over the ranges given 
in Table 2, assuming uniform distributions for all parameters, and sample randomly among them 
(n = 50,000) to generate the statistical distribution of net biospheric O2 fluxes shown in Fig. 8. 
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Results of our simulation indicate that fluxes of PO43- from oceanic crust weathering can support 
a wide range of biospheric O2 release rates, ranging between ~10-1 to nearly 102 Tmol O2 y-1 (Fig. 
8).  However, biospheric O2 fluxes are generally high across a wide range of parameter space 
unless volcanic/metamorphic CO2 outgassing is assumed to be very low. For instance, at our 
‘default’ volcanic/metamorphic CO2 outgassing rate of 10 TmolC y-1 our analysis yields a mean 
O2 flux of 1.9 TmolO2 y-1 with a 90% credible interval of 0.4—3.8 TmolO2 y-1, while our ‘high-
outgassing’ scenario yields a mean O2 flux of 19.1 TmolO2 y-1 with a 90% credible interval of 
4.1—38.5 TmolO2 y-1 (Fig. 8b). For comparison, the total net biospheric O2 flux on the modern 
Earth is on the order of ~10-20 Tmol O2 y-1 [43], while biospheric O2 fluxes during the Proterozoic 
following the initial oxygenation of Earth’s atmosphere have been estimated to be roughly 2-5 
Tmol O2 y-1 [44]. The volcanic/metamorphic outgassing rates of our default case are likely modest 
in the context of Earth’s history [17], while the rates implemented in our ‘high-outgassing’ case 
may be common on volcanically active planets during the first few billion years of their evolution 
[45]. In any case, our results strongly suggest that biospheres sustained entirely by bioavailable P 
released during submarine basalt weathering under anoxic conditions, including that of the earliest 
Earth, are potentially capable of generating extremely high biogenic gas fluxes that rival or exceed 
even those of the modern Earth. 
 
Studies of Earth system evolution and conceptual models used to forecast the emergence and 
maintenance of biosignatures on volatile-rich exoplanets have neglected the differences in 
hydrothermal P cycling between oxic and anoxic systems, and have instead implicitly invoked 
conditions under which P is effectively scavenged through adsorption onto Fe3+-oxide minerals 
formed from the hydration and oxidation of primary silicates in submarine basalt [46, 47]. Our 
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results stand in strong contrast to this prevailing conceptual model, and thus provide impetus to 
revisit mechanistic models for Earth’s early oxygen cycle [16] and the factors regulating the 
oxygen cycles of volatile-rich silicate planets more generally.  In particular, it will be important 
for future work to establish the ocean-atmosphere O2 ‘threshold’ above which oxygenation of the 
deep oceans attenuates bioavailable P fluxes by initiating widespread Fe2+ oxidation within the 
ocean interior.  
 
5. Conclusion 
Intriguingly, existing model results indicate the possibility that atmospheric O2 could be present at 
abundances that would potentially be remotely detectable without fully ventilating the deep oceans 
[3, 9, 44], with the implication that Earth-like terrestrial planets with water inventories greater than 
that of Earth could be very promising targets in the search for exoplanet biosignatures [2].  In any 
case, our experimental results provide strong evidence that fluxes of bioavailable P on terrestrial 
planets dominated by submarine basalt weathering under anoxic conditions are likely to be very 
robust and in some cases may surpass those of even the modern Earth system. Anoxic submarine 
weathering should thus be considered an important component of the large-scale redox balance of 
terrestrial planets. 
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Figure Captions 
Figure 1: Electron microscopy maps of Al, Fe, and P from grains derived from the ground basalt 
sampled from the Juan de Fuca Ridge used in this experimental study.  Phosphorus is concentrated 
along areas of the altered grains that are concentrated in Fe, which is attributed to a mixture 
secondary Fe3+-oxide minerals and clays (see Fig. 2). 
 
Figure 2: X-ray fluorescence maps (XFM) highlighting different areas associated with specific X-
ray absorption near edge structures (XANES) for the natural reactant basalt used for the 
experiments.  The Fe K-edge XANES for area #1 is associated with primary olivine and the 
XANES for area #2 is predominantly associated with primary Fe- and Ti-bearing spinel minerals, 
such as ilmenite.  The XANES of area #3 is representative of secondary Fe3+-oxide minerals 
surrounding the rims of primary silicates, as confirmed by their similarity with the XANES of the 
standard Fe3+-oxide minerals.  The dashed lines represent the peak maximums for the Fe3+-oxide 
standards, ferrihydrite, and Fe2+-bearing olivine (area #1) in the reactant basalt. 
 
Figure 3: Time-series solution chemistry of synthetic seawater upon reaction with seafloor basalt 
under anoxic conditions for experiments with (BA-1) and without (BA-2) pretreatment by a 
reductive dissolution procedure.  (a) Dissolved PO43- and Fe2+ increase with reaction progress 
under anoxic conditions, reflecting negligible Fe3+-oxide mineral formation and liberation of PO43- 
derived from basalt into seawater. (b) The systematic decrease in the 29Si/28Si ratio of the anoxic 
reactant solution with time is reflective of the extent of basalt substrate dissolution throughout 
reaction progress.   Error bars if not visible are smaller than symbol size. 
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Figure 4: Demonstration of P-release efficiency through the difference in the observed dissolved 
PO43- time-series concentration data relative to the total amount of PO43- liberated upon dissolution 
of primary basalt, calculated by utilization of the time-series 29Si/28Si mass balance calculations 
(Table 1). Notably, the measured time-series samples from experiment BA-1 (blue symbols) lie 
along a 1:1 correlation for what is expected from basalt dissolution through SiO2 mass balance 
constraints, suggesting no additional source of PO43- and that PO43- is not removed from solution 
due to secondary processes, such as adsorption onto secondary clay minerals.  Experiment BA-2, 
which did not use the CBD reductive dissolution treatment, however, demonstrates significant 
PO43- scatter relative to what is expected from primary silicate dissolution, likely as a result of 
surface exchange with pre-existing secondary Fe-oxide and clay minerals associated with the 
natural basalt reactant.  
 
Figure 5: Relationship between the amount of PO43- released into reactant seawater and the 
predicted CO2 consumed upon reaction with basalt under anoxic conditions determined from the 
time-series 29Si/28Si data.  (a) ΣCO2 – ΣPO43- data derived from time-series dissolved 29Si/28Si ratio 
and concentration of PO43- with reaction progress from both anoxic weathering experiments with 
(BA-1) and without (BA-2) a reductive dissolution pre-treatment. (b) Linear least-squares 
regression of data from experiment BA-1 (including reductive dissolution pre-treatment), the slope 
of which yields our estimated mobility ratio (ΣPO43-/ΣCO2) for submarine basalt weathering under 
anoxic conditions. The shaded envelope and quoted error on the regression slope denote the 90% 
confidence interval of the regression analysis.  
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Figure 6: Results of a Monte Carlo analysis showing the PO43-/ΣCO2 value (µmol mmol-1) 
characteristic of modern continental weathering relative to experimental results for anoxic basalt 
weathering. The mean modern river PO43-/ΣCO2 ratio is 4.2, whereas, the mean experimental PO43-
/ΣCO2 ratio is approximately 2.2. Results indicate that submarine basalt weathering under anoxic 
conditions releases bioavailable P at a similar rate to modern continental weathering for the same 
amount of CO2 consumed.  
 
Figure 7: Schematic of the biogeochemical model discussed in the text. A specified volcanic flux 
(Jvolc) contributes CO2 to the ocean-atmosphere system. Some fraction of this CO2 input (fweath) is 
removed via low-temperature ocean crust alteration, which releases inorganic bioavailable 
phosphorus (Pi). This bioavailable phosphorus can be recycled through the biosphere and buried 
in marine sediments (green), which releases O2 to the atmosphere, or can be scavenged by Fe-
bearing mineral phases in the ocean interior (red). In the model (see Eq. 2), the fraction of 
bioavailable phosphorus that is removed by scavenging and the dynamics of internal P recycling 
(e.g., the overall ratio between P burial in sediments and O2 release) are denoted by eP and rCP, 
respectively. 
 
Figure 8: Biospheric O2 fluxes powered by submarine basalt weathering on anoxic Earth-like 
planets. Conceptually, the simulation depicts the potential flux of O2 predicted from the balance 
between organic carbon burial and primary productivity fueled by bioavailable PO43- released from 
the oceanic crust upon weathering under anoxic conditions. Shown in (a) are O2 fluxes as a 
function of volcanic CO2 outgassing rate under the default conditions of the model (Table 2). Blue 
crosses denote the low-, mid-, and high-outgassing scenarios depicted in (b). Shown in (b) are 
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posterior distributions of biospheric O2 flux produced from our stochastic simulation, which is 
constrained by: (1) the rate of volcanic CO2 outgassing; (2) the fraction of degassed CO2 that is 
channeled through ocean crust weathering; (3) the range in ΣCO2/ΣPO43- values characteristic of 
submarine basalt weathering under anoxic conditions determined from this study; (4) the relative 
scavenging efficiency of P under anoxic conditions; (5) the C/P burial ratio in marine sediments 
(see SI). Each panel is labeled by volcanic CO2 outgassing rate. Estimated ranges for volcanic CO2 
outgassing [48, 49] and biospheric O2 flux [43, 50] for the modern Earth [44] (dark grey boxes) 
and biospheric O2 fluxes on the Proterozoic Earth (light grey box) are also shown.  
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Table 1. Time-series solution chemistry of the anoxic experiments, BA-1 and BA-2, 29Si/28Si mass balance, and ΣPO43- – ΣCO2 
model data. 
Table 1:   Time-series solution chemistry of the anoxic experiments, BA-1 and BA-2, 29Si/28Si mass balance model data, and ∆PO43- – ∆CO2 model data. 
aBA-1 Temp. (°C) Soln. (g) Time (hr) 
b[SiO2] [Fe2+] [PO43-] (29Si/28Si)Aq 
cBasalt 
Reacted (%) 
d[SiO2] 
Basalt 
d[Fe2+] 
Basalt 
d[PO43-] 
Basalt 
eΣ[CO2] e,fΣ[PO43-]
0 25 203.00 0 483.2 0.28 0.21 74.56 0.000 0.00 0.0 0.00 0.00 0.00 
1 25 200.17 2 483.0 0.54 0.22 65.84 0.002 3.35 0.6 0.01 3.35 0.01 
2 25 193.36 22 486.3 1.12 0.25 40.15 0.012 17.88 3.4 0.03 17.88 0.04 
3 25 188.24 68 419.4 1.69 0.26 31.75 0.015 23.01 4.5 0.04 23.01 0.05 
4 25 183.08 164 412.8 2.75 0.29 21.11 0.028 43.09 8.7 0.08 43.09 0.08 
5 25 177.92 238 415.9 3.12 0.25 18.27 0.033 51.20 10.7 0.10 51.20 0.04 
6 25 172.85 614 484.0 4.53 0.37 14.83 0.049 76.32 16.4 0.15 76.32 0.16 
7 25 165.31 851 485.8 4.92 0.39 13.29 0.055 84.20 18.9 0.18 84.20 0.18 
8 25 157.01 1327 490.4 5.21 0.41 14.07 0.051 78.61 18.2 0.17 78.61 0.20 
BA-2 Temp. (°C) Soln. (g) Time (hr) 
b[SiO2] [Fe2+] [PO43-] (29Si/28Si)Aq
cBasalt 
Reacted (%) 
d[SiO2] 
Basalt 
d[Fe2+] 
Basalt
d[PO43-] 
Basalt 
eΣ[CO2] e,fΣ[PO43-]
0 25 203.70 0 469.3 0.39 0.26 81.40 0.000 0.00 0.0 0.00 0.00 0.00 
1 25 201.35 2 492.0 1.78 0.31 33.26 0.018 27.48 5.1 0.05 27.48 0.05 
2 25 193.44 22 482.9 3.98 0.44 31.21 0.019 29.41 5.6 0.05 29.41 0.18 
3 25 188.46 68 405.0 4.28 0.33 18.97 0.033 50.19 9.9 0.09 50.19 0.07 
4 25 183.13 164 414.9 5.60 0.30 15.78 0.041 63.27 12.8 0.12 63.27 0.04 
5 25 177.63 238 421.7 6.17 0.38 10.59 0.067 103.19 21.5 0.20 103.19 0.12 
6 25 172.24 614 474.0 8.04 0.53 12.55 0.060 92.56 19.8 0.19 92.56 0.26 
7 25 164.24 851 468.0 8.58 0.56 11.82 0.061 95.10 21.3 0.20 95.10 0.30 
8 25 155.63 1327 475.9 9.10 0.62 11.71 0.063 96.52 22.3 0.21 96.52 0.36 
aThe basalt reactant for experiment BA-1 had undergone a reductive dissolution CBD pretreatment to specifically remove any pre-existing Fe3+-oxide minerals 
associated with the natural basalt recovered from the seafloor.  bThe dissolved cations/anions are reported in units of umol/kg. cThe percentage of basalt reacted 
was calculated using conservative mixing relations using the observed time-series 29Si/28Si and [SiO2] data and the total moles of SiO2 and 29Si/28Si derived 
from the basalt reactant. dTotal calculated concentration of SiO2, Fe2+, and PO43-, derived from basalt, expected to be released into solution upon dissolution, in 
units of µmol/kg (Fig. 4).  eThe ΣPO43-/ΣCO2 mobility ratio is determined by the slope of the linear regression of the Σ[CO2] and Σ[PO43-] model data (Fig. 5). 
fThe Σ[PO43-] data are normalized to the concentration of dissolved [PO43-] of sample #0 from experiments BA-1 and BA-2. 
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Table 2. Parameters utilized in the mass balance model for estimating biospheric O2 fluxes fueled by anoxic weathering of 
basaltic ocean crust. 
 
Parameter Description Units Default Value Stochastic Range 
JO2  
Global biospheric O2 flux TmolO2 y-1 — — 
Jvolc  Volcanic CO2 flux TmolC y
-1 10.0 1.0 – 100.0 
fweath  CO2 weathering fraction [dimensionless] 0.8 0.1 – 0.9 
ΣPO4 / ΣCO2  P Mobility ratio µmol mmol
-1 2.2 1.5 – 2.9 
ε P  P scavenging efficiency [dimensionless] 0.2 0.1 – 0.9 
rCP  net sediment C/P burial ratio mol mol
-1 100 50 – 1000 
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